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Abstract
Background and aims While N2-fixation in diversified
grasslands including forage legumes and non-legumes
has been widely studied, N2-fixation in swards contain-
ing only forage legumes remains unclear. In this study,
we investigated N2-fixation in pure stands and mixtures
of three forage legumes.
Methodology N2-fixation, dry matter (DM) and nitro-
gen (N) yields were quantified in a field experiment for
red clover (Trifolium pratense L.), white clover
(Trifolium repens L.) and lucerne (Medicago sativa L.)
pure stands and mixtures using the isotope dilution
method.
Results All three forage legume species derived most
(around 85%) of their N from atmospheric N2-fixation
(%Ndfa). However, no positive effect of species diver-
sity was found in any of the mixtures. Species compo-
sition of the forage legumemixtures affected the amount
of N from N2-fixation by affecting DM production and
N accumulation of the species, where the seasonal
amount of N2-fixation ranged from 370 to 500 kg N
ha−1; which was highest in the presence of red clover.
Conclusions We found that mixtures of the three forage
legumes were highly productive, but did not show pos-
itive advantages compared to the red clover pure stands
in terms of DM, N yield and %Ndfa.
Keywords Grassland . Forage legumemixture .
Percentage of N derived from atmosphere (%Ndfa) . N
yield
Introduction
The EU is nearly 30% self-sufficient in protein feed
(Bouxin 2014), and there is an increasing demand for
new homegrown sources of protein in the EU as alter-
natives to the import of soybean meal for livestock
production. Nitrogen (N) is one of the most limiting
crop nutrients, and to produce the required protein
sources from crops requires large inputs of N.
However, the efficiency of applied N resources is often
low and such resources carry the risk of several envi-
ronmental, economic and agronomic problems (Fowler
et al. 2013). Hence, there is societal need to produce
large amounts of plant protein without N fertilization or
with more efficient use of available N resources.
Compared to cropping systems containing only annual
crops, grassland-based cropping systems that contain
perennial legume-grass leys have shown more ecosys-
tem benefits such as enhanced soil C and N
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sequestration, soil organic matter, soil fertility and bio-
diversity, reduced greenhouse gas emission and im-
proved possibility to use marginal land for biomass
prouduction (Tilman et al. 2006; Glover et al. 2010;
Carlsson et al. 2017). In this context, forage legumes
have the potential to produce N-rich plant biomass with
no inputs of N fertilizer.
Forage legumes are widely used in agriculture
as a valuable means of supplying protein-rich feed
(Lüscher et al. 2014) and maintaining soil N fer-
tility and plant productivity (Anglade et al. 2015).
Forage legumes in cropping systems introduce at-
mospheric N2 to the soil N pool through the
process of biological N2-fixation and improve the
N supply to companion non-legume species
(Fustec et al. 2010; Pirhofer-Walzl et al. 2012)
and subsequent crops in the rotation (Eriksen
et al. 2008; Rasmussen et al. 2012). However,
multiple studies have reported wide spatial and
temporal variations in legume N2-fixation and con-
tribution to soil N fertility (e.g. Carlsson and
Huss-Danell 2003; Lüscher et al. 2014; Anglade
et al. 2015). N2-fixation is the result of internal
and external factors such as legume species and
genotype, their interaction with the environment,
management practices such as cutting, grazing
and fertilization, and plant species diversity and
composition (Carlsson and Huss-Danell 2003;
Carlsson et al. 2009; Rasmussen et al. 2012).
Numerous studies on N2-fixation have shown that
plant species diversity associating forage legumes with
non-legumes in grasslands are some of themost efficient
management factors that can be applied to increase
legume reliance on N2-fixation (e. g. Carlsson and
Huss-Danell 2003; Carlsson et al. 2009; Nyfeler et al.
2011). The studies suggest that N2-fixation is regulated
by legume competition for available soil N, defined as
the gap between N availability in the soil and the N
demand of the plant species in the mixtures, where non-
legume species compete for the available soil N forcing
the legume species to acquire more N from biological
N2-fixation.
To date, the N dynamics in diversified grasslands
with forage legume and forage grasses have been exten-
sively studied. The dynamics of N2-fixation in swards
including only forage legume species remain poorly
understood. In this new experiment, we investigated
how each of the three forage legume species: red clover
(RC; Trifolium pratense L.), white clover (WC;
Trifolium repens L.) and lucerne (LU; Medicago sativa
L.) in a sward influence the growth, N2-fixation and N
acquisition of the other legumes in the mixture.
These three forage legumes are widely cultivated
and commercially important forage legumes across
the globe (Phelan et al. 2015) and are potential
biological N2-fixers in temperate grasslands
(Carlsson and Huss-Danell 2003; Rasmussen et al.
2012). They differ in several key traits that are likely
to influence growth, biomass production and N dy-
namics when included in species mixtures. In con-
trast to the deep tap root systems and large erect
shoots of RC and LU, WC has clonal or stolonifer-
ous and shallow adventitious root systems and
higher shoot biomass. WC also forms leaves from
stem faster than RC and is more resistant to frequent
cutting (Black et al. 2009). Regarding canopy struc-
ture (leaf position and angle) and light interception,
WC has horizontal leaves, which favors more light
interception at the top of the canopy, while RC has
greater distribution of the leaf area and light inter-
ception in the intermediate layer of the canopy
(Black et al. 2009). When included in the species
mixtures, RC is more competitive to grass than LU
and WC (Black et al. 2009; Elgersma and Søegaard
2016). The three species also differ in their patterns
of N uptake from the soil, of build-up and utilization
of the N reserve in roots and in their ability to
compete for recycled N. LU has shown ability to
assimilate N from deep soil layers (Kelner et al.
1997), WC with their shallow roots take up N from
upper soil layers (Rasmussen et al. 2013; Younie
2012). RC and LU build-up and remobilize carbo-
hydrates and N stored in their large tap root system
for shoot growth (Black et al. 2009; Barber et al.
1996). Moreover, they differ in their ability to fix
atmospheric N2, to transfer and rhizodeposit fixed N,
and to receive N transferred from companion species
as well as re-uptake of rhizodeposited N. RC and
LU have shown to fix higher amount of N2 than
WC (e.g. Rasmussen et al. 2012), whereas RC has
been found to reach higher rate of transfer of fixed
N to the companion species than RC and LU (Høgh-
Jensen and Schjoerring 2000; Louarn et al. 2015;
Pirhofer-Walzl et al. 2012). RC has demonstrated
better ability to absorb N transferred from compan-
ion spcies than WC (Pirhofer-Walzl et al. 2012),
while low rates of N transfer have been found in
LU, both as donor (Frankow-Lindberg and Dahlin
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2013; Louarn et al. 2015) and as receiver (Pirhofer-
Walzl et al. 2012).
Varied above- and below-ground resource utili-
zation and niche differentiation in space and time
might occur between these species when grown in
a mixture due to differences in plant architecture,
and growth and N uptake patterns. In particular,
the functional complementarity between forage le-
gume species in a mixture might increase the
utilization of soil N resources, making them stron-
ger competitors for the available soil N in the
rhizosphere, thereby increasing total plant produc-
tion, N acquisition and the proportion of atmo-
spheric N2-fixation in the mixture compared to
the species grown in pure stands. Hence, explora-
tion of plant production and N2-fixation in a mix-
ture of forage legume species is expected to gen-
erate new knowledge towards achieving higher and
more stable biomass and N yields. In addition,
integration of sward containing forage legumes
only in grassland is expected to increase the sup-
ply of protein without N fertilization. Thus, we
conducted this study with the objectives of deter-
mining how the swards of forage legume species
will affect: herbage yield, botanical composition, N
yield and the percentage and amount of N derived
from the atmosphere. The following hypotheses
were tested: functional complementarity between
the species with different above-and below-ground
architecture increases 1) the herbage yield and N
accumulation, and 2) the proportion of legume-N
derived from the atmosphere in the forage legume
mixtures compared to pure stands .
Materials and methods
Experimental site
This field experiment was conducted at Foulumgaard
Experimental Station, Aarhus University, located in
Central Jutland, Denmark (09° 34° E and 56° 29°
N). The experimental field has grown cereals at least
since 2010 prior to the establishment of the present
experiment in 2014. The soil is loamy sand charac-
terized as typic Hapludult comprising 7% clay, 10%
silt, 81% sand, and 1.7% carbon in the upper soil
layer (0–20 cm) (Solati et al. 2017). Soil extractable
P was 36 mg kg−1, soil exchangeable K was
129 mg kg−1 and pH 5.9. The mean monthly air
temperature during the experimental period between
April and October 2015 ranged between 7 and
17 °C, with July and August the warmest months.
The monthly precipitation ranged from 21 to
117 mm, where May, June, July and September were
the wettest months (Fig. 1).
Experimental design and establishment of experimental
plots
Ten different species mixtures, including pure stands,
two- and three-species mixtures, were established in
spring 2014 including commonly used cultivars of three
forage legume species: red clover (Trifolium pratense L.
var. Suez), white clover (Trifolium repens L. var.
Silvester) and lucerne (Medicago sativa L. var. Creno).
The species were undersown in a spring barley cover
crop in a replacement design, with different proportions
of the species in the mixture based on their seeding rates
in pure stands, in plots measuring 1.5 × 12m and in four
replicates. The seeding rates in pure stands were 10, 10
and 20 kg ha−1 for WC, RC and LU, respectively
(Table 1). The LU seeds were inoculated with rhizobium
(Nitragin Gold) before sowing. The spring barley crop
was harvested at maturity and N2-fixation was deter-
mined in situ during the first production year over the
growing season between April and October in 2015
using the 15N isotope dilution method as applied by
Rasmussen et al. (2012). In this method, N2-fixation is
measured by comparing the dilution of soil-derived 15N
by atmospheric N2 in the N2-fixating plan to the
15N
enrichment of plants that derived all their N from soil.
The non-legume reference plants are thus assumed to
reflect the 15N enrichment of legume derived N from
soil (Unkovich et al. 2008; Carlsson and Huss-Danell
2014). At the onset of the growing season, during the
second week of April, a subplot (dilution plot) measur-
ing 1 × 1 m was demarcated in each experimental plot
and the soil was labeled with ammonium Sulphate 0.1 g
N m−2 (15N enriched to 98 atom%) to artificially enrich
the soil with 15N above the background natural 15N
abundance.
Plant sampling and analysis
The shoot biomass in each subplot was manually
sampled four times during the growing season in a
0.25 m2 area at a stubble height of 5 cm, following
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common agricultural practice in cut grassland. The
first sampling was done on 22 May, the second on 1
July, the third on 17 August and the last on 5
October. The plant samples were manually sorted
into individual species and weeds, air-dried at
80 °C for 24 h and dry matter (DM) weight was
recorded. The dried samples were milled, subsampled
and ball-milled into a fine powder, packed into small tin
capsules and analyzed for total N concentration and
atom% 15N at UC Davis Stable Isotope Facility,
University of California, USA, on an ANCA-SL
Elemental Analyzer coupled to a 20–20 Mass
Spectrometer using the Dumas dry-combustion method.
The N yield in each plot was determined as a product of
shoot DM yield and N concentration in each species in
the harvested biomass.
Calculations
The N2-fixation was quantified based on excess
atom% 15N in legumes and non-legumes using
the weed species (representing both grasses and
dicotyledon weed species) growing together with
the legume species as reference plants (Carlsson
and Huss-Danell 2014), using pooled samples of
different weed species to avoid potential bias
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Fig. 1 Monthly precipitation and
mean monthly air temperature
during the experimental period
from April to October in 2015
measured at a climate station near
the experimental field
Table 1 Composition of seed mixtures (percentage is based on each species seeding rate in pure stand)
Seed mixtures Percentage of seed in the mixture (%) Seeding rate (Kg ha−1)
RC WC LU RC WC LU
Pure stands RC 100 10
WC 100 10
LU 100 20
Two species RC + WC 50 50 5 5
WC + LU 50 50 5 10
RC + LU 50 50 5 10
Three species 80RC + WC + LU 80 10 10 8 1 2
RC+ 80WC + LU 10 80 10 1 8 2
RC+ WC + 80 LU 10 10 80 1 1 16
RC+ WC + LU 33 33 33 3.3 3.3 6.6
RC: Red clover, WC: White clover, LU: Lucerne
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caused by spatiotemporal unevenness in soil 15N
enrichment (Carlsson et al. 2009; Unkovich et al.
2008). The percentage of N derived from the at-
mosphere (%Ndfa) was calculated using the fol-
lowing equation (Chalk et al. 2016):
%Ndfa ¼ 1− excess atom%15N legume=excess atom%15N reference
  
x 100
where, excess atom% 15N was calculated by
subtracting the background atom% 15N (deter-
mined by analyzing 15N in legumes and weed
species grown in unlabeled field plots adjacent to
the 15N–labeled plots) from the atom% 15N deter-
mined in the corresponding species in 15N–labeled
subplots. The average background atom% 15N was
0.3676 in non-legumes and 0.3663 in legumes, and
did not vary significantly across cutting occasion
or legume species. Then the amount of N2-fixation
was expressed as a product of %Ndfa and N
accumulation for the respective legume species.
In the mixtures containing two or three legume
species, the average %Ndfa for the whole mixture
was estimated as the ratio of total amount of N2-
fixed to the total N accumulated in shoots, and the
seasonal %Ndfa was estimated as the ratio of the
total amount of N2-fixed over the growing season
to the total amount of shoot N accumulated. The
soil N uptake was estimated subtracting the
amount of N2-fixation from the N accumulated in
shoots.
The relative yield (RY) was calculated for each spe-
cies as its DM yield in the mixture as a proportion of its
DM yield in the pure stand, with relative yield total
(RYT; the sum of RYs for all species included in the
mixture) values higher than 1 indicating the presence of
complementarity effects in the mixture (Hector 1998).
Data analysis
The data were analyzed using the open-source statistical
program R (R Core Team 2016) (Version 3.1.1). A one-
way analysis of variance (ANOVA) was used to deter-
mine the effect of sown species composition on each of
the dependent variables: DM yield, N yield, atom% 15N,
%Ndfa, amounts of N2-fixation, N uptake, RYand RYT,
and the effect of two fixed factors (species composition
and individual species) was tested using two-way
ANOVA. The effect of time of cut on DM yield, N
yield, %Ndfa and amount of N2-fixation was tested
using the linear mixed model. In the model, the compo-
sition of sown species (fixed effect) and time of cut
(repeated fixed effect) were independent variables and
block was a random factor, where plots were nested in
the blocks. The model was then tested using ANOVA.
For all dependent variables, the tests for significant
differences between the seed mixtures were made using
least square means in the adjusted Tukey method. The
probability limit for rejection of the hypothesis was set
between different dependent variables were tested using
Pearson’s correlation coefficient. The data violating the
assumption of normal distribution were generally log-
transformed before analysis to achieve a normal distri-
bution of residuals.
Results
The weather at the experimental site measured during
the experimental period from April to early October,
2015 (Fig. 1) showed similar temperatures to the 30-
year average measured at the same experimental station,
while the mean monthly precipitation was about 30%
higher than the 30-year average.
Dry matter production and composition of the sward
The seasonal total DM yield of the mixtures ranged
from 10.7 to 16 t ha−1, with significant effect of species
composition (p < 0.001) (Fig. 2). RC produced the
highest DM yield among the pure stand, all species
mixtures containing RC produced higher than pure
stands of WC and LU and the WC paired with LU
(Fig. 2). However, there was no significant difference
between the seed mixtures containing RC. Species com-
position and seeding density affected the DM produc-
tion in WC and LU, with the higher DM yield in the
pure stand followed by the two-species mixture and
three-species mixture with their 80% seeding density.
Weeds were most abundant in the pure stand of LU,
which was significantly higher than in all other treat-
ments and was strongly suppressed in the mixtures
containing RC.
The proportions of total DM yield differed markedly
between the species across all mixtures. RC was the
most productive of the three species, and the proportion
of RC in the total harvested biomass was always much
higher than its relative proportion in the seed mixture
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at the confidence level 0.95 (P 0.05). The correlations
(Fig. 2). Hence, RC could be defined as the most com-
petitive of the three legume species under the conditions
of the present study. WC was always strongly sup-
pressed by RC, but made up a higher proportion in the
harvested biomass than its sown proportion in the two-
species mixture with LU, and could thus be defined as
less competitive than RC but more competitive than LU.
LU was always strongly suppressed in all mixtures.
The RYT values based on total seasonal DM yield
were higher than 1 only in the WC + LU mixture (1.06)
and the three-species mixture with 80% LU (1.2)
(Supplementary Table 1). In two of the RC-dominated
mixtures, RYT was lower than 1, i.e. 0.91 in RC + LU
and 0.93 in the three-species mixture with 80% RC.
N accumulation
The average total seasonal N accumulation ranged from
440 to 595 kg ha−1, with significant differences between
seed mixtures (p < 0.001). Since RC defined the DM
yield of the mixtures, the total N accumulation of the
mixtures mirrored the pattern of RC DM production,
with considerable higher seasonal N accumulation in
mixtures containing RC compared to pure stands of
WC, LU and the WC + LU mixture, respectively
(Table 3). WC accumulated from 10 to 440 kg N ha−1,
with the largest amount in the pure stand followed by
WC + LU and RC + 80WC + LU. Similarly, N accu-
mulation in LU ranged from 10 to 450 kg ha−1 with the
largest amount in the pure stand followed by RC+
WC + 80 LU and RC + LU.
Proportions and amounts of N2-fixation
The values of atom% 15N in forage legumes and refer-
ence species were substantially above the natural abun-
dance, and differences between the 15N enrichment of
legumes and reference species were sufficient to esti-
mate the %Ndfa. The 15N enrichment was highest at the
first cut and decreased from the second cut onwards.
The excess atom% 15N in the legumes ranged from
0.2087 to 3.5486 at the first cut and from 0.0718 to
0.9688, 0.0221 to 0.2687 and 0.0372 to 0.1679 at the
second, third and fourth cuts, respectively (data not
shown). The excess atom% 15N in weed species did
not show any significant difference between species
composition treatments (Table 2), and the average weed
excess atom% 15N (used as reference plant values for
the calculation of N2-fixation at each cut) was 3.9784,
1.1790, 0.3386 and 0.2373 for the first, second, third
and fourth cuts, respectively.
On a seasonal basis (Table 3), all the three forage
legume species in the pure stand derived above 80% of
their N from atmospheric N2-fixation (%Ndfa), which
was similar for WC and RC. The %Ndfa in the pure
stand of LU was significantly higher than in the pure
stand of WC and RC and the mixture of WC + LU
(p < 0.01). In the two- and three-species mixtures, the
%Ndfa inWC and RCwas mostly above 80%, irrespec-
tive of composition of seed mixtures, but tended to
decrease in LU (Table 3). However, the %Ndfa estimat-
ed in all three species was not affected by the composi-
tion of the seed mixture. Since RC dominated the
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mixtures, the weighted %Ndfa for the whole mixtures
closely resembled the %Ndfa in RC, which was consis-
tently above 80%with no significant difference between
the two- and three-species mixtures.
The measured %Ndfa at each cut (Table 4) showed
that RC and WC mostly derived above 80% of their N
from fixation during the first three cuts. The %Ndfa in
LU tended to be higher in the pure stand than in mix-
tures, and this difference between LU pure stands and
LU in mixtures was more pronounced than the corre-
sponding differences between pure stands and mixtures
in RC and WC. However, the species composition, in
general, did not affect the %Ndfa in either of the three
species or the weighted average %Ndfa for the whole
mixture.
The %Ndfa in RC and WC did not change with
species composition, variation in DM production or
botanical composition (Fig. 3). However, %Ndfa in
LU appeared to be positively influenced by biomass
yield at low yield levels, i.e. up to around 1 t DM
ha−1. At higher biomass yields, the %Ndfa tended to
be more stable around or above 80% (Fig. 3).
The amount of N2-fixation varied between the mix-
tures and cuts, with a significant interaction effect
(p < 0.001). The N2-fixation was generally higher in
the pure RC stand and in the mixtures containing RC.
The seasonal amount of N2-fixation in the mixtures
ranged from 370 to 500 kg N ha−1, with significant
differences between the seed mixtures (p < 0.001)
(Table 3). Since %Ndfa was not affected by the compo-
sition of the seed mixture, the amount of N2 fixed in all
three species was closely related to the N accumulation.
The pure stand of RC, and the WC + RC and WC +
RC + 80 LU mixtures fixed amounts of N that were
significantly higher than in the pure stands of WC, LU
and the WC + LU mixture. Similarly, all the three-
species mixtures fixed significantly larger N amounts
than the pure stand of WC.
When looking at each species, RC in the mixtures
generally fixed as much N as in the pure stand, with the
exception of the three-species mixture with the high
seeding density of WC or LU. However, the seeding
density influenced the N2-fixation in WC and LU, af-
fecting their proportion of total DM in the harvested
biomass. On a seasonal basis, WC fixed more N when
grown with LU in the two-species mixture, which was
nearly similar to the WC in the pure stand. However,
N2-fixation in LU was suppressed in the mixtures, irre-
spective of seeding density, with significantly lower
amounts of N2-fixed compared to its pure stand
(Table 3).
The seasonal soil N uptake was significantly lower in
pure stand of LU (p < 0.01), but did not differ across the
two-and three-species mixtures (Table 3).
Discussion
Plant growth and sward competition
In the present study, the pure RC stand and mixtures
containing RC showed a yield advantage compared to
pure stands of WC and LU and the WC + LU mixture.
However, there was no evidence of an effect of diversity
Table 2 Excess atom% 15N in shoots of reference plants (pooled samples of weed species). Values are mean (±SE; n = 4) measured at four
cuts during the 2015 growing season. No significant difference between the treatments was found at any of the cuts
Seed mixtures Cut 1 Cut 2 Cut 3 Cut 4
Pure stand RC 4.484 ± 1.250 1.302 ± 0.280 0.333 ± 0.043 0.278 ± 0.024
WC 3.458 ± 0.986 1.215 ± 0.101 0.219 ± 0.044 0.206 ± 0.011
LU 2.830 ± 0.920 0.835 ± 0.039 0.253 ± 0.006 0.214 ± 0.008
Two species RC + WC 5.632 ± 0.568 1.399 ± 0.100 0.428 ± 0.065 0.283 ± 0.034
WC + LU 3.858 ± 0.355 1.419 ± 0.143 0.387 ± 0.070 0.162 ± 0.001
RC + LU 3.645 ± 1.107 1.265 ± 0.250 0.328 ± 0.035 0.261 ± 0.029
Three species 80RC + WC + LU 4.034 ± 0.199 1.274 ± 0.127 0.374 ± 0.032 0.253 ± 0.028
RC + 80WC + LU 2.862 ± 0.780 0.857 ± 0.068 0.269 ± 0.019 0.200 ± 0.012
RC + WC + 80 LU 3.742 ± 0.383 1.031 ± 0.078 0.351 ± 0.060 0.246 ± 0.024
RC+ WC + LU 4.095 ± 0.693 1.106 ± 0.288 0.363 ± 0.042 0.222 ± 0.016
RC Red clover, WCWhite clover, LU Lucerne and 80: percentage of total seeds in the mixture
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leading to transgressive over-yielding (Palmborg et al.
2005), since none of the mixtures were more productive
in terms of biomass yield, N accumulation or N2-fixa-
tion than the highest-yielding pure stand (RC). One
explanation for the lack of an over-yielding effect could
be that we had no non-legume species in the mixture
that would benefit from legume-fixed N (Dhamala et al.
in press; Nyfeler et al. 2011) and increase the comple-
mentarity of N use in mixtures with the fertilizing func-
tion of legumes and the uptake of this N by non-legumes
(Palmborg et al. 2005). Since the WC and LU were
outcompeted in mixtures with RC, another explanation
for the lack of transgressive over-yielding could be a
lack of evenness in the growth of the species in the
mixture (Kirwan et al. 2007) or the lack of evenness in
the resource partitioning among the species in the mix-
ture (Roscher et al. 2008). In our study, the mixture with
the most even biomass yield proportions of the three
species, i.e. the three-species mixture with 80%LU, also
had the highest RYT value (1.2). This observation sup-
ports previous findings that evenness of species propor-
tions in mixtures enhances complementarity effects in
resource use among the mixed species.
The total DM and N yields of the mixtures containing
RC in the present experiment (i.e. without grass in the
mixture) were comparable to previous studies of grass-
legume mixtures at the same location (Elgersma and
Søegaard 2016; Pirhofer-Walzl et al. 2012; Rasmussen
et al. 2012) and higher or within the range of grassland
production measured in various geographical regions in
Europe (e. g. Anglade et al. 2015; Kirwan et al. 2007;
Phelan et al. 2015). Thus, our study showed that when
RC was present in the seed mixture, total DM and N
yields were not compromised in the forage legume
mixtures. Furthermore, the abundance of weeds was
strongly suppressed in the pure stands of RC and WC
as well as in the mixtures containing RC compared to
the LU pure stand. This suggests that the mixtures
containing competitive legumes attributed to lower
weed invasion (Kirwan et al. 2007) and there was a high
resource utilization efficiency of the sown species in the
mixture (Sanderson et al. 2005).
We observed contrasting growth and competition
between the three forage legume species in the mixture.
RC consistently dominated in the mixtures irrespective
of species composition and seeding densities ofWC and
LU; hence, RC defined the DM and N yields of the
mixtures. This demonstrates the strong ability of RC to
compete for above- and below-ground resources
(Pirhofer-Walzl et al. 2012). We observed that RC was
the most productive in the pure stand and always dom-
inated in the mixture, with the RY value ranging from
0.63 to 0.94 and the RYT value below or near 1 in most
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Fig. 3 Relationship between the dry matter production and per-
centage of N derived from atmosphere (%Ndfa) in the three forage
legume species measured at four cutting times during the 2015
growing season. The dashed vertical line in c. Lucerne represent
threshold line for positive association between LU dry matter
production and %Ndfa
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of the mixtures, with the evidence that there was no
complementarity between the species in the RC-
dominated mixtures for the resource utilization (Hector
1998). Canopy characteristics of the species in the mix-
ture was found to play an important role for light inter-
ception for photosynthesis and thereby growth in the
study by Black et al. (2009), and an explanation for the
restrained growth of the WC and LU in our study could
be that they were shaded by the vigorous upright growth
of RC (Frame 2005) and therefore outcompeted for
light. The poor light interception could have lowered
the leaf/stem ratio and the photosynthetic activity in LU
and WC. Thompson and Harper (1988) showed that
many growth attributes such as stolon branching, petiole
and internode lengths and number of branched and
rooted nodes in WC are affected by canopy light inter-
ception (quality of radiation transmitted) under the can-
opies of different grass species. We observed that the
proportions of WC and LU increased with later cuts,
while the RC generally showed the opposite trend with a
significantly lower DM yield at the fourth cut. A second
explanation could be environmental factors in that the
mean monthly air temperature during the growing sea-
son (Fig. 1) remained lower than the optimum growth
temperature required for the three species, the better
performance of RC could be potentially due to its ability
to grow in a wider range of temperatures than WC and
LU (Frame 2005). A third explanation for the poor
growth, especially of LU, could be the preference of
LU for a less frequent cutting regime than the four cuts
per year applied in this study (Frame 2005; Wolf and
Smith 1964). Our result indicate that the dominant spe-
cies, RC in the present experiment, was the better able of
the three to exploit the available resources.
Proportions of N derived from the atmosphere (%Ndfa)
We observed that the three forage legume species relied
mainly on N derived from atmospheric N2-fixation,
regardless of whether they were grown in pure stand
or in two- or three-species mixtures. Hence, our second
hypothesis that the proportion of legume-N derived
from the atmosphere would increase in mixtures com-
pared with pure stands was not confirmed. Numerous
studies on N2-fixation have demonstrated that the
%Ndfa is positively influenced by plant diversity in
grasslands that are made up of a mixture of forage
legumes and non-legumes due to non-legume competi-
tion for available soil N (e.g. Carlsson and Huss-Danell
2003; Nyfeler et al. 2011; Rasmussen et al. 2012).
Carlsson et al. (2009) and Palmborg et al. (2005) further
suggested that functional traits of the species in the
mixture play a more important role for efficient N up-
take and stimulatory effect on %Ndfa. In this light,
previous studies have shown that forage legumes in
swards containing non-legumes, especially grasses, of-
ten derive up to 90% or more of their N from atmo-
spheric N2-fixation (Carlsson and Huss-Danell 2003;
Rasmussen et al. 2012). The present study showed that
the three studied forage legumes were equally good (or
bad) competitors for soil N, i.e. that there was no differ-
ence between intra- and inter-specific competition for
soil N, indicating that legume-legume mixtures behave
like pure stands of legumes in terms of soil N acquisi-
tion. Hence, the documented trait differences between
the three studied legumes (see references in introduc-
tion) in above- and below-ground growth, dynamics in
acquisition and use of different N sources and compet-
itive ability did not influence their N2-fixation when
grown together in mixture without non-legumes. Thus,
in order to have a mixture effect on %Ndfa, the swards
needs to contain non-legume species, which compete
more efficiently for available soil N than the legumes.
The normally accepted regulation mechanism for
%Ndfa is the availability of soil N, whereby a high N
availability reduces %Ndfa and a low N availability
increases %Ndfa. It is possible that the consistently high
%Ndfa in our study was a consequence of generally low
levels of plant-available soil N, since the field experi-
ment was not fertilized, and that the legumes therefore
relied to a large extent on N2-fixation for their N acqui-
sition also when grown in pure stands. The lack of the
expected effect of mixture could also be explained, at
least in part, by complementary rooting patterns among
the three forage legume species reducing the direct
competition for plant-available soil N. LU has a rela-
tively higher capacity to absorb N from deep soil layers
(Kelner et al. 1997), whereas WC has been shown to
assimilate nutrients more easily from the upper soil
layers with the help of stoloniferous (creeping) roots
(Younie 2012; Rasmussen et al. 2013). The large root
system of RC may have given it more flexibility to
explore the N from both upper and lower soil profiles.
Furthermore, RC and LU accumulate and use their large
root system as an N reserve, and that their shoot re-
growth is mainly supported by the supply of N from
roots (Barber et al. 1996; Black et al. 2009). Thus, LU
and RC, in the present experiment, could have built up
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more reserve N in their roots and therefore competed
less with companion species for the available soil N.
Given the fairly large variation in the proportions of the
three legumes across the mixtures, the finding that none
of the three legumes seemed to be affected by competi-
tion for available soil N indicates that the legumes
competed mainly for other resources, such as light,
water and nutrients other than N.
Previous studies have shown that all three for-
age legume species are net donors of N when in
mixture with non-legume species. WC is a gener-
ous N-donor (Høgh-Jensen and Schjoerring 2000;
Pirhofer-Walzl et al. 2012), but a poor receiver of
the N transferred from companion species, while
RC is an intermediate donor and a good receiver
(Pirhofer-Walzl et al. 2012). LU has been shown
to retain its plant N with a lower proportion being
transferred (Frankow-Lindberg and Dahlin 2013;
Louarn et al. 2015) and less fixed N being
rhizodeposited (Louarn et al. 2015; Wichern et al.
2008), including a poorer ability to absorb the N
transferred from companion species (Pirhofer-Walzl
et al. 2012). Thus, we suggest an alternative reg-
ulation mechanism for %Ndfa that the re-uptake
by the legume of its N exudates may be regulating
%Ndfa . Our result indicates that the legumes,
especially RC, could access their N exudates due
to the absence of non-legume competition for the
legume-derived N, as observed by the net transfer
of N to companion species in mixtures with non-
legumes (e.g. Rasmussen et al. 2013; Dhamala
et al. in press).
Interestingly, the %Ndfa of LU showed a depen-
dency on DM yield, which was not found for RC and
WC. The LU, in general, had a relatively lower
%Ndfa than RC and WC in the mixtures, but this
tended to be higher in the pure stand (Tables 2 and
3). Therefore, despite comparable levels of shoot
yields of WC and LU, the %Ndfa tended to be lower
in LU than WC. The differences in %Ndfa between
the two species could partly be the result of differ-
ences in their pattern of N uptake. LU has been
shown to compete more strongly for available soil
N and act as both a source and sink for the recycled
mineral N (Tomm et al. 1995). Therefore, LU in the
present experiment when grown in mixtures must
have extracted more N from the soil pool, resulting
in less dependency on atmospheric N2-fixation when
the DM yield of LU was low. In contrast, with a
higher biomass production in pure stand, soil N might
have become limited and LU had to increase its
reliance on N2-fixation. Another possible explanation
that the higher weed abundance in pure stand of LU
may have led higher competition for the available N,
thereby reducing its access to soil N and stimulating a
higher %Ndfa in LU pure stand. Buildup and utiliza-
tion of the N reserve in the roots may have been
lower in WC because of a higher rate of transfer and
rhizodepositon of fixed N (Pirhofer-Walzl et al. 2012;
Louarn et al. 2015) and a fast turnover and N release
from roots (Louarn et al. 2015). Hence, the depen-
dency on N2-fixation was in general higher for WC
than for LU. Furthermore, the lower %Ndfa of LU at
DM productions below 1 t DM ha−1 could also be
related to a higher metabolic cost of N2-fixation as
the plants should be able to supply the necessary
carbohydrates produced from photosynthesis for the
N fixed from bacteria (Schulze 2004). This indicates
that the growth of LU at low densities might have
been limited by resources other than soil N (e.g. light,
water, other nutrients) caused by competition from
RC and WC. In summary, our result suggests that
the three forage legume species varied in their com-
petitiveness, including their N acquisition strategies,
but that these differences did not cause significant
variations in %Ndfa when the studied legumes were
grown together in different mixtures.
Variations in %Ndfa estimates obtained with the 15N
isotope dilution method might be confounded by spa-
tiotemporal unevenness in soil 15N enrichment after the
addition of 15N–labelled fertilizer, as documented by
Burchill et al. (2014). Such unevenness would under-
mine the assumption that the excess atom% 15N in the
sampled reference plants represents the 15N enrichment
of soil N available to the legume, at least if the legume
and the reference plant differ in their soil N uptake
patterns. To avoid the risk of large bias caused by
spatiotemporal variations in soil 15N enrichment, we
followed the approach to use the average excess atom%
15N of several reference species (pooled samples of
weeds, representing both grasses and dicotyledon spe-
cies) as suggested by e.g. Carlsson et al. (2009), Jacot
et al. (2000) and Unkovich et al. (2008). Furthermore,
we avoid the risk of misinterpreting temporal variations
in N2-fixation as we analyze effects of the different
species compositions at each individual cutting occasion
or on the seasonal mean value instead of analyzing
temporal variations between cutting occasions.
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Amount of N2-fixation
In the present study, given the similar levels of %Ndfa,
the differences in N2-fixation among the species were
mainly driven by the differences in DM production and
N accumulation, as observed in previous investigations
and documented in reviews (e.g. Anglade et al. 2015;
Carlsson and Huss-Danell 2003; Nyfeler et al. 2011).
The seasonal amount of N fixed in the whole mixture
(370–500 kg ha−1) in the present experiment was higher
than a previously reported range of N2-fixation (100–
380 kg N ha−1 yr.−1) in European grasslands (Lüscher
et al. 2014). The fixed amount of N was comparable to
the highest amount of N2-fixation recorded in RC
(545 kg ha−1) and LU (443 kg ha−1) in Europe
(Anglade et al. 2015), and the reported highest amounts
of N2-fixation in WC (545 kg ha
−1), RC (373 kg ha−1)
and LU (350 kg ha−1) in northern European grasslands
(Carlsson and Huss-Danell 2003). Thus, the present
organic temporary grassland demonstrated a high N
input from N2-fixation. Since we did not observe any
transgressive over-yielding, none of the mixtures in the
present study fixed more N than the highest performing
pure stand (RC). However, the amounts of N2-fixation
in mixtures containing RC were comparable to the
strongest species in the pure stands and mostly higher
than the pure stands of WC and LU and the WC + LU
mixture. Hence, the lower amount of N2-fixed in the
WC and LU pure stands and in the WC + LU mixture
was compensated whenRCwas incorporated in the seed
mixture, at least in a relatively small proportion. Thus,
our study showed that forage legumes have the potential
to deliver a high herbage production, N accumulation
and N2-fixation, and provide protein-rich biomass with-
out the need for N fertilization. These perennial crops
are therefore a strong tool in the challenge of increasing
European protein self-sufficiency. In addition, mixtures
of perennial legumes might be more stable in their
biomass yields and amount of N2-fixed when measured
across more than one growing season- an aspect that
calls for further research since it was not included in the
present study.
Conclusions
Our study showed that mixtures of forage legume spe-
cies had high biomass productivity and N yield fromN2-
fixation. The proportion of N derived from N2-fixation,
and soil N uptake in most cases, in the mixtures was
similar to that of the respective pure stands; hence, we
did not observe a mixture effect on N2-fixation as
known from mixtures of legumes and non-legumes.
Red clover was highly competitive under the study
conditions, and there was no indication of complemen-
tary resource use in red clover-dominated mixtures. We
conclude that mixtures consisting of only forage legume
species do not express strong complementarity or over-
yielding. However, such mixtures can be grown without
compromising herbage production, N accumulation and
input of N from N2-fixation, provided that the mixture
contains the dominant species (red clover in the present
study) at least as a small proportion in the seed mixture.
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